Angiogenesis, a multifaceted process by which new blood vessels form, occurs in many physiological and pathological situations, including cancer. Indeed, the critical contribution of angiogenesis to the growth, invasiveness, and metastatic dissemination of tumor cells is now well documented (reviewed in refs. 1 and 2). Mediators that affect angiogenesis are thus appropriate molecular targets against which to direct anticancer therapeutic strategies. One of these, angiogenin (Ang), a unique member of the ribonuclease superfamily of proteins, is a potent inducer of neovascularization and is serving as the focus of ongoing investigations into its structure/function relationships and clinical applications (reviewed in ref. 3) .
Because Ang was originally isolated from medium conditioned by a human tumor cell line (4) and subsequently shown to be expressed by several histologically distinct types of human tumors (5) , inhibitors of its functions have been developed to evaluate their antitumor effects. One of these, the murine monoclonal antibody (mAb) 26-2F, neutralizes the ribonucleolytic, angiogenic, and mitogenic activities of human Ang (6, 7) . It is an IgG1 with a binding affinity of 1.6 nM that recognizes a discontinuous epitope in Ang involving Trp-89 and residues in the segment 38-41, located in two adjacent loops of the Ang 3-dimensional structure (6, 8) . Although not directly cytotoxic to tumor cells in vitro, mAb 26-2F is extremely effective in interfering with their establishment and metastatic spread in athymic mice (9) (10) (11) . Thus, Ang antagonists should be of major clinical utility for the treatment of cancer.
The use of murine antibodies in patients is problematic, owing to their decreased serum half-lives and induction of human anti-mouse antibody immune responses, directed mainly against mouse Ig constant (C) regions (12) (13) (14) (15) . The latter is of particular concern in the case of antiangiogenesis therapies, where chronic administration of therapeutic agents may be required. To minimize this problem, chimeric antibodies have been genetically engineered in which murine heavy (H) and light (L) chain variable (V) domains are combined with human C regions, thereby replacing Ϸ70% of the murine antibody molecule with human sequences (16, 17) . Several of these chimerized antibodies are under evaluation in patients for a variety of diseases (18) (19) (20) . Therefore, as a first step toward producing an anti-Ang antibody amenable to clinical testing, a mouse/human chimeric analogue of mAb 26-2F has been constructed. Here we describe the cloning and sequencing of the V L and V H domains of mAb 26-2F and their expression together with human C regions as a fully assembled chimeric mAb (cAb 26-2F). cAb 26-2F is very similar if not identical to its murine counterpart in binding affinity, Ang neutralization capacity, and, importantly, in its antitumor activity against human breast cancer xenografts in athymic mice.
MATERIALS AND METHODS
Mice. Female athymic mice were obtained at 5 weeks of age from the isolator bred colony of Charles River Breeding Laboratories and maintained under specific pathogen-free conditions in a temperature-and humidity-controlled environment. Experiments were begun 1 week later.
Monoclonal Igs. The mAb 26-2F (6) was purified from ascites fluid by affinity chromatography using GammaBind Plus Sepharose (Pharmacia). Ascites fluid (80 ml) was diluted 1:1 with PBS, centrifuged, and the supernatant filtered through a glass fiber filter and 0.2 m cellulose nitrate filter. After a
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. further dilution with PBS to 400 ml, the antibodies were adsorbed onto the gel, washed with PBS, and eluted with 0.1 M glycine⅐HCl into tubes containing an appropriate amount of 1 M Tris⅐HCl for neutralization. Following dialysis against 0.9% NaCl, the antibodies were quantified by enzyme-linked immunoadsorbent assay (ELISA), and stored at Ϫ70°C. The chimerized analogue of mAb 26-2F (cAb 26-2F, see below) obtained from each of the transfectoma cell types was purified from ascites fluid as described above. MOPC 31C, a nonspecific IgG1-secreting mouse hybridoma (CCL 130, American Type Culture Collection) was propagated, and IgG purified from ascites as described (9) .
Cell Lines. The murine nonproducing myeloma cell lines P3X63-Ag8.653 (P3X) (CRL 1580) and Sp2͞0 (CRL 1581) were obtained from the American Type Culture Collection. The estrogen-sensitive MCF-7 and estrogen-insensitive MDA-MB-435 human breast cancer cell lines were supplied by Marc E. Lippman (Georgetown University Medical Center) and Isaiah J. Fidler (University of Texas M.D. Anderson Cancer Center), respectively. We have determined that both cell lines secrete Ang in vitro. All cells were maintained in DMEM supplemented with 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum, and antibiotics (growth medium).
Isolation of mAb 26-2F V L and V H Region cDNAs. Polyadenylated RNA was prepared from mAb 26-2F-producing hybridoma cells using the PoliATtract System 1000 mRNA isolation kit (Promega). The procedure followed for V L and V H cDNA isolation was essentially that of Coloma et al. (21) with minor modifications. For V H first-strand cDNA synthesis, the reaction used the C H 1 antisense primer M␥C.C H 1 AS and avian myeloblastosis virus reverse transcriptase (Promega). V H cDNA amplification was performed using M␥C.C H 1 AS as the antisense primer and a set of three universal sense primers complementary to the N termini of most V H leader sequences (MHALT1.RV, MHALT2.RV, and MHALT3.RV). The V L domain-encoding cDNA was obtained using the Pharmacia Mouse ScFv Module/Recombinant Phage Antibody system. V L cDNA amplification was performed using Taq DNA polymerase (Promega), the C region MC k AS.XBA antisense primer, and five universal sense primers complementary to the N terminus of V L leader sequences (MLA LT1.RV, MLALT2.RV, MLALT3.RV, MLALT4.RV, and MLALT.5). PCR amplifications of both V H and V L cDNAs were carried out for 30 cycles in a MicroCycler thermal controller (Eppendorf) under the following conditions: 1 min denaturing (94°C), 2 min annealing (55°C), 2 min extension (72°C) followed by a final extension step of 7 min (72°C). The products were analyzed by electrophoresis in a 1.5% TAE agarose gel stained with ethidium bromide. The amplified cDNAs were then electrophoresed on a 2% low melting agarose gel in 0.5ϫ TAE and eluted using a Magic PCR Preps DNA Purification kit (Promega).
Subcloning and Sequencing. Each V domain-encoding cDNA was ligated into a pT7Blue T vector (Novagen) using T4-DNA ligase (Promega). The ligation mixture was used for transformation of NovaBlue competent cells (Novagen). Plasmid DNA minipreps were analyzed by 1.5% agarose gel electrophoresis after digestion with appropriate restriction enzymes. Several clones containing inserts of the expected size were sequenced in both directions using a Sequenase 2.0 sequencing kit (United States Biochemicals).
V Domain cDNA Engineering. To clone V L and V H cDNAs into their appropriate expression vectors, they were each subjected to further PCR reactions using the following primers: H chain sense primer: MHALT2.RV (21) hybridizing to the N terminus of the H chain leader sequence and containing the EcoRV restriction site for cloning into the H chain expression vector. H chain antisense primer (H-P2 antisense): CTAGCTAGCTGAGGAGACGGTGACTGAGGTTCCT hybridizing to the J region and containing a NheI site for cloning into the C H 1 region of the H chain expression vector. L chain sense primer (L-P2 sense): GGGGATATCCACCA-TGGAGACAGACACACTCCTGCTATGGGTCCTGCT corresponding to oligonucleotide MLALT1.RV (21) , containing a 10 nucleotide extension at the 3Ј end and hybridizing to the N terminus of the L chain leader sequence. An EcoRV site is present for cloning in the L chain expression vector. L chain antisense primer (L-P2 antisense): AGCCGTCGACTTACG-TTTCAGCTCCAGCTTGGTCCCAG hybridizing to the J region and containing a splicing signal sequence as well as a SalI site for cloning into the intronic sequence of the L chain expression vector.
The amplified products were gel purified and cloned into pT7Blue T vectors for sequencing as described above. For both modified V L and V H domains, the cDNAs from two identical clones were excised with either EcoRV and SalI (for V L ) or with EcoRV and NheI (for V H ) for cloning into expression vectors.
Construction of Chimeric Genes. The L and H chain expression vectors (pAG4622 and pAH4604, respectively) were constructed (21) and kindly provided by Sherie L. Morrison (University of California, Los Angeles). The pAG4622 vector contains the genomic sequence encoding the C-region domain of the human L chain and the gpt (22) selectable marker. The pAH4604 vector contains the hisD (23) selectable marker in addition to sequences encoding the human H chain ␥1 C-region domain. The promoter region in each vector is derived from the anti-dansyl mAb 27-44 (21) . For each V L and V H domain, cDNA fragments obtained from two identical clones were appropriately digested and ligated into their respective expression vectors. The ligated products were used to transform HB101 competent cells (Promega) and the recombinant vectors were isolated using the Wizard Plus Maxipreps DNA purification system (Promega). Prior to transfection, they were linearized with the PvuI isoschizomer BspCI restriction enzyme (Stratagene) and gel purified.
Transfection and Selection. The chimeric H and L chain expression plasmids were cotransfected into SP2͞0 or P3X nonproducing myeloma cells by electroporation as described (21) . Following transfection, the cells were kept on ice for 10 min, diluted in growth medium, and placed into 96-well tissue culture plates (1 ϫ 10 4 cells per well). The cells were refed 48 hr later with growth medium containing histidinol (Sigma) at a final concentration of 5 or 10 mM for SP2͞0 or P3X cells, respectively. After Ϸ14 days, supernatants from growing colonies were screened by ELISA for the presence of chimeric antibodies.
Two selected stable transfectants, P4-5 and S13-1, obtained from the transfection of P3X or SP2͞0 cells, respectively, were subcloned twice by limiting dilution. To obtain sufficient material for further analysis, cAb 26-2F from each cell source was purified from ascites fluid as described above.
Immunoassays. Screening ELISA. Chimeric antibody producing transfectomas were detected by a modification of the screening ELISA described in Fett et al. (6) . Briefly, affinitypurified goat anti-human IgG Fc (␥-chain specific) and goat anti-human chain (each at 10 g͞ml, Organon TeknikaCappel), or human Ang (1 g͞ml) was coated onto 96-well plates. Following blocking of the wells with 0.5% ovalbumin, 50 l of culture supernatant diluted 1:1 with 0.25% ovalbumin was added. After a 2-hr incubation at room temperature, the plates were washed and alkaline phosphatase-labeled goat anti-human IgG (Kirkegaard & Perry Laboratories) was added to each well, followed 1 hr later by addition of p-nitrophenyl phosphate to the washed plates. The reaction was stopped with 3 N NaOH and absorptivities were measured on a Dynatech MR600 ELISA plate reader at 405 nm with a turbidity reference of 630 nm.
Radioimmunoassay for binding affinity. A competition radioimmunoassay for binding affinity (6) with the following modifications was used to determine IC 50 s, the concentration of unlabeled Ang at which the binding of its iodinated derivative is decreased by 50%. Plates were coated (10 g͞ml in borate coating buffer, 50 l per well) with either goat antimouse IgG Fc (␥-chain specific, Organon Teknika-Cappel) for capture of mAb 26-2F or goat anti-human IgG Fc (see above) for capture of the chimeric antibody. Radioactivity was determined using a Micromedic 4͞600plus Gamma Counter.
Concentration Determinations. Ig concentrations were determined spectroscopically, assuming that a 1 mg͞ml solution has an absorbance of 1.43 at 280 nm.
tRNA Assay. Formation of perchloric acid soluble fragments from yeast tRNA was measured as described (24) .
Angiogenesis Assay. The chicken chorioallantoic membrane (CAM) assay was used according to Fett et al. (6) .
Western Blot Analysis. The general procedures for SDS͞ 10% PAGE, transfer, and Western blotting have been described (25) . Samples were boiled in a buffer containing 5% 2-mercaptoethanol before loading onto the gel. For detection of human components, goat anti-human IgG Fc and chain antibodies were used. Ig chains were visualized with alkaline phosphatase-labeled rabbit anti-goat IgG and nitroblue tetrazolium as substrate.
Antitumor Activity in Vitro. Direct cytotoxicity of cAb 26-2F toward MDA-MB-435 and MCF-7 cells was examined using a described [ 3 H]thymidine assay (9) .
Antitumor Activity in Vivo. This was assessed by a modification of the orthotopic model of human breast cancer tumor growth in athymic mice described by Price et al. (26) . Tumor cells (MDA-MB-435 or MCF-7) were harvested by standard trypsinization procedures, washed in Hanks' buffered salt solution, and counted by trypan blue exclusion hemacytometry. Viable cells (MDA-MB-435, 5 ϫ 10 5 in 10 l, or MCF-7, 1 ϫ 10 6 in 20 l) were injected into the surgically exposed mammary fat pad using a manual repeating dispenser (Hamilton). For MCF-7 cells a pellet of 17␤-estradiol (0.72 mg per pellet, 60-day release; Innovative Research of America) was placed 1 cm from the site of tumor cell injection as the source of standard estrogen supplementation. The incision was closed with an autoclip and local subcutaneous treatment was begun within 30 min as described in the legend to Fig. 4 . Tumor growth was monitored by caliper measurements.
RESULTS AND DISCUSSION

Isolation of cDNAs Encoding mAb 26-2F V Domains.
Polyadenylated RNA was isolated from mAb 26-2F-producing hybridoma cells. cDNA sequences encoding the mAb 26-2F variable domains (V L and V H ) were amplified by PCR using gene-specific primers designed to hybridize to the leader sequence of each domain (5Ј primers) and to the C region N-terminal coding sequences positioned immediately downstream of the V-J region (3Ј primers). Using this strategy, no amino acid substitutions that could effect chimeric antibody activity are introduced into the V L or V H cDNAs. V L and V H amplified cDNAs were then cloned into pT7Blue T vectors and recombinant plasmids, isolated from independent clones, were sequenced. For each type of cDNA, at least two clones were identical. The nucleotide and deduced amino acid sequences for the V L and V H domains of mAb 26-2F are shown in Fig. 1 . According to the classification of Kabat et al. (27) , the DNA sequences encode V H IIID and V k III V regions, each including three complementarity-determining regions and four framework regions. The deduced amino acid sequence of the first 16 N-terminal amino acids of each V domain is identical to that obtained by Edman degradation of the protein (data not shown).
Construction and Expression of Chimeric Antibody Genes. V H and V L cDNAs were modified at their 3Ј end by removing the N-terminal sequence of the murine C region and adding a splicing signal sequence at the V L 3Ј end. The resulting V H and V L cDNA-containing plasmids, prepared from independent clones, were digested with EcoRV and XbaI, gel purified, and amplified by PCR using primers complementary to the signal peptides (sense primers) and to the 3Ј end (antisense primers) of each V H and V L domain. The gel-purified PCR products were cloned into pT7Blue T vectors and independent clones were sequenced. The sequence analyses confirmed that the expected DNA assembly had been achieved. For each modified V H and V L domain, the cDNA from two identical independent clones were excised with either EcoRV and SalI (for V L ) or EcoRV and NheI (for V H ) and gel purified. The V L and V H cDNA products were ligated into their respective expression vectors. Several clones, isolated from HB101 competent cell transformation, were analyzed with appropriate restriction FIG. 1. Nucleotide and deduced amino acid sequences for mAb 26-2F VL (Upper) and VH (Lower) domains. The sequences were interpreted according to Kabat et al. (27) . Underlined amino acids comprise the three complementarity-determining regions. Portions of the leader sequence are not necessarily correct because they correspond to the PCR primers.
enzymes. Recombinant vectors were isolated in duplicate from two distinct clones, each of which derived from independent V L -or V H -containing plasmid clones. Prior to transfection, the recombinant vectors were linearized with PvuI and gel purified.
Combinations of chimeric H and L chain-containing vectors were cotransfected into either P3X or SP2͞0 cells by electroporation. Cells were grown in 96-well plates and selected for the presence of the hisD marker by including histidinol in the growth medium. Transfection efficiencies for both cell lines under these conditions were greater than 1 in 10 4 . At approximately 2 weeks after transfection supernatants from surviving cells were assayed by ELISA. These indicated that the vast majority of transfectomas produced human Ig chimeras that bound to Ang; cells secreting only chimeric L chain genes were detected in a small percentage of wells. Two chimeric antibody producing master wells designated S13-1 and P4-5, obtained from the transfection of SP2͞0 and P3X cells, respectively, were selected as stable transfectants and subcloned twice by limiting dilution.
Purification and Structural Characterization of cAb 26-2F. S13-1 or P4-5 transfectoma cells were injected into pristaneprimed athymic mice to generate ascites fluid. Antibody was then subsequently isolated by protein G-Sepharose affinity chromatography. The total yield of purified cAb 26-2F from either transfectoma source was Ϸ3 mg per mouse.
Purified S13-1-and P4-5-derived chimeric antibodies were first subjected to 10 cycles of Edman sequence analysis. L and H chain N-terminal amino acids of both chimeric antibodies were identical (data not shown) and correspond to those of the original mAb 26-2F.
Western blot analysis using reagents specific for human and ␥1 C region determinants showed that cAb 26-2F from either transfectoma cell source contained reduced chimeric L and H chains of the expected molecular weights (Ϸ25,000 and 55,000, respectively) (Fig. 2) . Under nonreducing conditions, cAb 26-2F derived from either S13-1 or P4-5 migrated to a position corresponding to 160,000 daltons (data not shown), thus indicating that the chimeric L and H chains were correctly assembled into complete H 2 L 2 molecules. The IC 50 s for S13-1-and P4-5-derived cAb 26-2F are 2. Table 1 . Statistical analysis by the 2 test indicates that cAb 26-2F purified from either S13-1 (group III, P ϭ 0.8038) or P4-5 (group IV, P ϭ 0.7594) is as potent as mAb 26-2F (group II, P ϭ 0.9556) in inhibiting the biologic activity of an equimolar amount of Ang, which alone is highly active (group I, P ϭ 0.0009). The control MOPC 31C is not inhibitory (group V, P ϭ 0.0004). The Igs alone are inactive on the CAM (groups VI-IX, P Ͼ 0.05).
To this point, the structural and functional data taken together indicated that, as expected, the chimeric antibodies derived from transfection of either SP2͞0 or P3X myeloma cells were identical. However, in the course of these studies it was observed that cells derived from clone S13-1 proliferated at a greater rate and, in general, maintained a higher percentage of viable cells in culture. In addition, S13-1 adapted easily to growth in protein-free medium, whereas P4-5 cells died under these conditions, an important consideration when large-scale production necessary for clinical trials is contemplated. For the above reasons, the remaining data to be (1998) reported were generated with cAb 26-2F derived solely from clone S13-1, which will serve as the future source of the chimeric antibody. The capacity of cAb 26-2F to inhibit tRNA degradation by Ang was determined by measuring the rate of formation of perchloric acid-soluble fragments. The inhibition curves obtained with mAb 26-2F, cAb 26-2F, and the control MOPC 31C are shown in Fig. 3 . At 10 g, the two antibodies are equally inhibitory, whereas at higher concentrations cAb 26-2F is only slightly less active.
The antitumor activity of cAb 26-2F was subsequently examined using modifications of an orthotopic tumor cell model (26) . The results depicted in Fig. 4 indicate that cAb 26-2F is as effective as mAb 26-2F in preventing the formation of tumors of human breast cancer origin. Whereas all PBSand control MOPC 31C-treated mice develop MDA-MB-435 (Fig. 4A) or MCF-7 (Fig. 4B) tumors by days 17 and 28, respectively, the chimeric and murine antibodies completely prevent the appearance of tumors in Ϸ40% (MDA-MB-435) and Ϸ50% (MCF-7) of the treated mice. Because cAb 26-2F does not interfere with thymidine uptake and, by inference, killing of tumor cells in vitro (data not shown), the antitumor effects observed most likely result from the inactivation of tumor-secreted Ang and subsequent interruption of the angiogenic process.
In summary, we have constructed a recombinant chimeric mouse͞human anti-Ang antibody, cAb 26-2F, in which the V L and V H regions of mAb 26-2F were inserted into expression vectors containing C regions of human chains and ␥1 H chains. The resultant chimera retains the properties of the original mAb, including potent activity against human tumor cell xenografts. As a consequence, cAb 26-2F should provide a powerful immunotherapeutic for the treatment of human cancer and other conditions where inhibition of pathological angiogenesis is desired.
